The spin transition of the [Co(terpy) 2 ] 2+ complex (terpy = 2,2 0 :6 0 ,2 00 -terpyridine) is analysed based on experimental data from optical spectroscopy and magnetic susceptibility measurements. The single crystal absorption spectrum of [Co(terpy) 2 ](ClO 4 ) 2 shows an asymmetric absorption band at 14 400 cm À1 with an intensity typical for a spin-allowed d-d transition and a temperature behaviour typical for a thermal spin transition. The single crystal absorption spectra of suggest that in this compound, the complex is essentially in the highspin state at all temperatures. However, the increase in intensity observed in the region of the low-spin MLCT transition with increasing temperature implies an unusual partial thermal population of the low-spin state of up to about 10% at room temperature. Finally, highspin ! low-spin relaxation curves following pulsed laser excitation for [Co(terpy) 2 ](ClO 4 ) 2 dispersed in KBr discs, and as a comparison for the closely related [Co(4-terpyridone) 2 ](ClO 4 ) 2 spin-crossover compound are given.
Introduction
Spin-crossover solids [1] are molecular compounds of transition metal ions with electronic configurations d 4 , d 5 , d 6 , and d 7 , switchable between two states with different optical and magnetic properties: the low-spin (LS) state with maximum number of paired and the high-spin (HS) state with maximum number of unpaired d electrons. The occurrence of a thermal spin transition can be readily understood based on simple thermodynamic considerations [2] : if the zero-point energy difference between the two states is small and such that the low-spin state is the quantum mechanical ground state, an entropy driven transition from the low-spin state at low temperatures to the high-spin state at higher temperatures may be observed. The large majority of known spin-crossover complexes are based on a Fe(II) as central ion, but other transition metal ions also give rise to spin-crossover complexes, such as Co(II), Co(III), Mn(II), Mn(III), Cr(II) or Fe(III). To date, only a few detailed studies discuss the class of Co(II) spin-crossover complexes [3] .
The [Co(terpy)] 2+ complex (terpy = 2,2 0 :6 0 ,2 00 -terpyridine) is one of the first and most important cobalt(II) spin-crossover complexes discovered to date [4, 5] , for which the transition occurs from the 2 E low-spin manifold to the 4 T 1 high-spin manifold. It has a two tridentate coordination motif. In the low-spin state, the equatorial metal to ligand bond length is 0.17 Å longer than the axial bond length in the low-spin state [6] . This results in a stabilisation of the low-spin state as a consequence of the Jahn-Teller effect [7] . The approximate symmetry of the complex is D 2d with an additional Jahn-Teller distortion [7] 0020-1693/$ -see front matter Ó 2007 Elsevier B.V. All rights reserved. doi:10.1016/j.ica.2007.06. 022 resulting in a symmetry lowering to C 2v . However, this distortion is small, and for the sake of simplicity will be neglected in the ensuing discussion. The transition to the high-spin state is accompanied by a substantial change in metal-ligand bond lengths: the axial bond length increases by 0.21 Å , the equatorial one by 0.08Å [6] . As a result, the distortion of the coordination octahedron is much less pronounced in the high-spin state.
Previous investigations on [Co(terpy)] 2+ showed that its spin-crossover behaviour depends crucially on the anion and on solvent content. The anhydrous [Co(terpy) 2 ] (ClO 4 ) 2 , for instance, is fully in the low-spin state at low temperatures and shows a transition to the high-spin state with a thermal population $80% at room temperature [4, 5] . The various hydrated forms, on the other hand, show different degrees of partial spin transitions with remnant high-spin fractions at low temperature, or temperature independent populations of the two spin states. In this paper, we present experimental results derived mainly from optical absorption measurements on the [Co(terpy)]
2+ complex with two different anions, CLO 4 À and PF 6 À , respectively, in the absence of any solvent molecules in the crystal lattices.
Experimental
Single crystals of [Co(terpy) 2 ](ClO 4 ) 2 and [Co(terpy) 2 ]-(PF 6 ) 2 were grown from ethanol/acetonitrile solutions according to literature methods [4] . Red, transparent crystals of square pyramidal shape were obtained, which are dichroic in the case of [Co(terpy) 2 ](PF 6 ) 2 . As the presence of water molecules in the unit cell may influence the geometry and the local electronic structure of the title complexes [4, 5] , the synthesis was performed in water free solvents in order to synthesise the compounds without any lattice water. Elemental analyses confirmed the composition without any lattice solvent molecules. The PF 6 À salts of Co
2+
and Zn 2+ are isomorphous and crystallise in the space group P 42 1 c, with the molecular S 4 axis parallel to the crystal c-axis [8] .
The [Co(terpy) 2 ](ClO 4 ) 2 solution for spectroscopic measurements was prepared in a mixture of proprionitrile/ butyronitrile (4:5), and corresponding absorption spectra were recorded on a Cary50 spectrometer.
For optical measurements single crystals with a thickness varying from 90 to 140 lm were mounted so as to cover entirely a small aperture in a copper sample holder. For low temperature measurements, the sample holder was inserted into a closed cycle cryostat capable of achieving temperatures down to 10 K, with the sample sitting in 1 bar of He exchange gas for efficient cooling. Complete absorption spectra of crystals, that is, from 6000 to 27 000 cm À1 , were recorded on an FT-IR spectrometer (Bruker IFS66/S). The source light was provided either by a tungsten halogen or a xenon lamp, and the signal was measured using a Ge (6000-12 000 cm À1 ), a Si (9000-21 000 cm À1 ) or a GaP (18 000-27 500 cm À1 ) diode detectors.
Relaxation curves were recorded on [Co(terpy) 2 ](ClO 4 ) 2 dispersed in KBr by monitoring the transient bleaching of the MLCT band of the low-spin species at 505 nm, following pulsed excitation with the second harmonic of a Q-switched Nd:YAG laser at 532 nm, with a repetition rate of 20 Hz. The light provided by a 50 W tungsten halogen lamp was used as probe beam. After passing through the sample, the probe beam was dispersed in a 1/4 m monochromator (Spex 280M), then amplified with a photo-multiplier (R928). Transient absorption curves were recorded using a digital oscilloscope (Tektronix TDS540B).
Results and discussion

The thermal spin transition
The temperature dependence of the solution spectrum of [Co(terpy) 2 ](ClO 4 ) 2 in proprionitrile/butyronitrile (4:5) at room temperature is presented in Fig. 1a . Absorption max- ). The three more intense peaks have alternatively been assigned either to metal to ligand charge-transfer (MLCT) transitions [7] or to d-d transitions [5, 7] . The broad band between 13 500 and 15 500 cm À1 has unanimously been attributed to the transitions from the 2 A 1 component of the low-spin 2 E ground state in compressed D 2 d symmetry to low-symmetry and spin-orbit levels arising from the 2 T 1 and 2 T 2 ligand-field states of octahedral parentage [5] , using the energy level diagram of Liehr [9] .
The maximum absorbances at 18 200, 19 800 and 22 600 cm À1 corresponding to MLCT transitions of the low-spin species decrease in intensity when the temperature increases, in accordance with a classical thermal spin transition. Likewise, the d-d band of the low-spin species between 13 500 and 15 500 cm À1 decreases with increasing temperature. Indeed, previous studies using magnetic measurements and the Evans technique [10] have shown that in solution at room temperature about 30% of the Co 2+ complexes are in the low-spin state [7, 11] . Fig. 1b presents the temperature dependence of the absorption spectrum of a single crystal of [Co(terpy) 2 ]-(ClO 4 ) 2 of 100 lm thickness. As before, the absorption band between 13 500 and 15 500 cm À1 with e % 55 l mol À1 cm À1 decreases in intensity with increasing temperature as a result of the thermal spin transition. In order to obtain the MLCT bands at higher energies having e values of up to 2500 l mol À1 cm À1 , a crystal of a thickness not exceeding 2 lm would have to be used. This is not feasible. Fig. 2 depicts the absorption spectra of [Co(terpy) 2 ]-(PF 6 ) 2 at different temperatures for two polarisation modes, that is parallel and perpendicular to the tetragonal axis. The low temperature absorption spectra, as well as the temperature dependence of the intensity are surprisingly different from those of the perchlorate salt. In the region of the MLCT transitions of the low-spin species, the peaks that appear at the same energies as for the perchlorate salt increase in intensity for increasing temperatures. Likewise, the absorption band between 13 500 and 15 500 cm À1 corresponding to the low-spin 2 A 1 ! 2 T 1 , 2 T 2 d-d transitions increases in intensity with increasing temperature, with virtually zero intensity at 10 K. This suggests that [Co(terpy) 2 ]-(PF 6 ) 2 has a high-spin ground state and shows an unusual partial population of the low-spin state at elevated temperatures. This is supported by the observation of additional absorption bands, centred at, respectively, 9200 and 11 600 cm À1 , which can be assigned to the transitions from the 4 E ground state component of the tetragonally split 4 T 1 ðt To summarise these results, Fig. 3 The magnetic susceptibility measurements, presented in Fig. 4 , confirm the conclusions obtained form the analysis of the optical spectra. The curve corresponding to [Co-(terpy) 2 ](ClO 4 ) 2 shows the typical behaviour for a cobalt(II) spin-crossover complex, with vT close to 0.4 cm 3 mol À1 K at lower temperature (spin-only value for the low-spin state) and around 2.4 cm 3 mol À1 K at room temperature, indicating a high-spin fraction of around 80% [4, 5] . The curve for [Co(terpy) 2 ](PF 6 ) 2 is characteristic for a high-spin compound at low temperatures. An unexpected decrease in vT for [Co(terpy) 2 ](PF 6 ) 2 at higher temperatures confirms that for this compound the low-spin state may become partially populated at higher temperatures.
This unusual partial thermal population of the low-spin state for a system with a high-spin ground state as observed for [Co(terpy) 2 ](PF 6 ) 2 can be explained by the comparatively small differences in the electronic properties of the two spin states of cobalt(II). In contrast to iron(II) spincrossover or high-spin complexes, for which the high-spin state is highly favoured by the entropic term that leads to a negligible low-spin population at high temperature, for cobalt(II) complexes the ratios of the electronic degeneracies and the vibrational densities of state are smaller. The latter is due to the smaller average bond-length difference between the two states of $0.1 Å [12, 13] in comparison to the typical value of 0.2 Å for iron(II) complexes [14, 15] . For this reason, the cobalt(II) complexes are more sensitive to the local environment, that is, anion or solvent effects, and thus in the two compounds the [Co(terpy) 2 ] 2+ complex shows opposite behaviours.
A more detailed understanding of the electronic structure of the two spin states is provided by the powder EPR spectra (X-band) of the dilute mixed systems 
The HS ! LS relaxation
The HS ! LS relaxation in cobalt(II) spin-crossover compounds has been the object of only very few papers. Previous studies, using the ''laser temperature jump'' technique, have been performed and a relaxation time of around 30 ns was suggested as upper limit at room temperature [17, 18] . Ultrasonic relaxation measurements, realised by Beattie [17] at room temperature in solution confirmed that the HS ! LS relaxation is very fast with a value of around a few nanoseconds.
As stated previously, the intense absorption of cobalt(II) complexes at 532 nm, where the pulsed laser irradiation was performed, would imply the use of very thin crystals for transient transmission measurements. In order to avoid this problem, relaxation measurements were performed on [Co(terpy) 2 ](ClO 4 ) 2 dispersed in KBr discs.
First of all, we verified whether the thermal behaviour of the compound dispersed in KBr is compatible with the one of a single crystal. The absorption spectra for [Co(terpy) 2 ]-(ClO 4 ) 2 in a KBr disc as function of temperature are presented in Fig. 5 . Apart from the sloping baseline due to diffuse scattering, they are very similar to those obtained for a crystal. The transition curve seems slightly more gradual in the case of the KBr disc (see inset of Fig. 5 ), which is a wellknown effect for spin-crossover systems due to grinding [19] . high-spin ! low-spin relaxation, are not mono-exponential due to inhomogeneous broadening. In order to estimate an average relaxation rate constant, either a biexponential fit or an integral method can be used [20] , both giving very similar results. At temperatures above 50 K, the relaxation time is less than 10 ls; it increases up to 400 ls at 10 K.
For comparison, a similar study was performed on the spin-crossover compound [Co(4-terpyridone) 2 ](ClO 4 ) 2 [21] . This compound shows all the absorption bands present in [Co(terpy) 2 ](ClO 4 ) 2 , as one can see in Fig. 7 , and the temperature dependence of the spectra for a singe crystal and dispersed in KBr discs are fully compatible. The relaxation curve shown in Fig. 6b , was measured at 12 K on a very thin crystal [22] . This curve is perfectly mono-exponential, and the fit gives a value around 50 ls for the decay.
In 2 , the thermal transition curve is slightly more gradual than for the crystal according to the inset of Fig. 7b , which displays the absorption intensity of the MLCT band of the low-spin species as a function of temperature.
The relaxation curve of [Co(4-terpyridone) 2 ](ClO 4 ) 2 dispersed in KBr at 10 K is shown in Fig. 7b . As in the case of [Co(terpy) 2 ](ClO 4 ) 2 in KBr discs, the relaxation curve is not mono-exponential and the same procedure as above was used to extract an average relaxation rate constant. The relaxation rate constants obtained in this way are compatible both to those determined for [Co(terpy) 2 ](ClO 4 ) 2 and to [Co(4-terpyridone) 2 ](ClO 4 ) 2 in the form of a single crystal. All rate constants are displayed in Fig. 8 as ln(k HL ) versus 1/T. As expected, at the lowest temperatures the relaxation proceeds entirely via a temperature independent tunnelling mechanism, at higher temperatures it is thermally activated [23] . In contrast to iron(II) spin-crossover compounds, for which the low-temperature tunnelling rate constants are of the order of 10 À6 -10 À2 s À1 [24] , and to iron(III) spin-crossover compounds with values in the range of 10 À1 -10 2 s À1 [20, 25] , the high-spin ! low-spin relaxation rate constant of $10 4 s À1 for the compounds of this study is substantially larger. This is due to the shorter difference in metal-ligand bond lengths between the two spin states for cobalt(II) complexes of 0.1 Å , as compared to the values of 0.15 and 0.2 Å for iron(III) and iron(II), respectively.
Conclusions
In this paper, we presented a detailed optical investigation of the 
